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Background
Aortic regurgitation (AR) remains an important cardiac condition, 1, 2 although substantial chronic regurgitation can be tolerated for many years, with patients remaining asymptomatic. Aortic valve replacement is usually reserved for when symptoms or significant left ventricular (LV) dilation or dysfunction occur, 3, 4 but prognosis is already reduced by this stage. [5] [6] [7] Earlier surgery has been advocated, 3, 8 but it is also important to avoid the increased risks associated with premature surgery. Optimising the timing of surgery in these patients can therefore be difficult.
Quantifying the AR could be valuable for guiding management, especially in asymptomatic patients with significant regurgitation, and might be used for the early identification of patients requiring aortic valve surgery.
Cardiovascular magnetic resonance (CMR) is able to directly quantify aortic regurgitation with high accuracy and reproducibility, using the technique of phase contrast velocity mapping. [9] [10] [11] As CMR also provides highly accurate measurements of left ventricular (LV) mass, volumes and function [12] [13] [14] [15] (and is considered the 'Gold-standard' for measuring these), it would appear to be an ideal technique for the assessment of aortic regurgitation, but the utility of CMR to guide clinical management has not been evaluated. We sought to examine whether CMR quantitation of aortic regurgitation and LV indices could identify which asymptomatic patients with significant aortic regurgitation were likely to progress to symptoms or other established indications for surgery in the near future. We also aimed to compare the CMR quantitation of aortic regurgitation and LV volume/function indices for their relative predictive ability.
Methods
Subjects and follow up
equiring aortic valve surgery.
Cardiovascular magnetic resonance (CMR) is able to directly quantify aortic e egu gu gurg rg rgit it itat at atio io ion n wi ith th th h high accuracy and reproducib b bil il ilit ty y, using the te ech ch c ni iqu qu que e e of phase contrast v velo o oci c ty mappi ping ng g. 9 9-1 9-11 1 1 As As C C CMR MR MR a al ls lso o pr prov ov o id ides es e h h hig ig ighl hl hly y a ac accu cu cura ra rate e e m m me ea eas sur r rem em men en ents s s o o of f f le e eft ft ft v ve en ent tr tric ic cul ul u ar ar a ( ( (LV LV LV) ) ma ma mass ss, , volumes and d fu fu func nc n ti ti tion on o 12 12 12-15 15 15 ( ( (an an and d is is is c con on onsi i ide de dere re red d d th th the e e 'G G Gol ol o d-d-st st sta a and nd ndar ar rd' d d for or or m m mea ea easu su suri ri r ng ng ng t t the he hese se se), ) ) it would
Patients at least 18 years of age were recruited from four high-volume CMR centres in Oxford, London, Leeds (UK) and Auckland (New Zealand). All asymptomatic patients with moderate or severe chronic aortic regurgitation on echocardiography by standard (semi-quantitative) assessment 16 were eligible for inclusion and had a baseline CMR scan. Exclusion criteria included the presence of other significant valve disease or clinical and/or angiographic evidence for coronary disease.
Patients had a baseline CMR scan and were followed for up to 9 years. Those who remained asymptomatic and under conservative management were designated the 'conservative' group, while those that developed symptoms or other established indications for surgery 3 were designated the 'crossover' group, with the decision for surgery taken as the point of censoring.
All clinical decisions were taken by the treating physician. In Oxford, patients participated in a research study, with annual CMR scans, and clinical decisions were made without knowledge of the CMR data. In the other three centres, study patients were identified from the clinical CMR databases (though were initially diagnosed with echocardiography) and clinicians had access to the CMR data. Events were only counted however if the reason for aortic valve surgery was for established indications (primarily symptoms, excess LV dilation or LV dysfunction). Patients undergoing aortic valve replacement for indications outside the established criteria 3 (which do not include CMR assessment), or when surgery was primarily for other surgery (e.g. aortic root replacement) were considered to be in the conservative group but censored at the time of surgery.
In addition, a minimum period of two months was required between the CMR scan and the decision for surgery, to avoid the potential bias of patients having a CMR scan 'en-route' to surgery that had already been planned.
A third group was also included to compare CMR parameters with both the conservative designated the 'crossover' group, with the decision for surgery taken as the poin nt t t of of f cen en enso so sori ri ring ng n . .
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Zealand (Project number RM0980711302); all research subjects gave written informed consent.
CMR scanning
All scans were performed on 1. Netherlands]) and analysed in each centre using the manufacturers' software (Siemens Argus and Philips ViewForum respectively) for both volumes and flow. All images were electrocardiogram (ECG)-gated and most were obtained during an 8-16 second breath-hold to remove cardiac motion due to the respiratory cycle. Subjects underwent a left ventricular function study as previously described, 14 consisting of a stack of contiguous short axis cine images from base to apex, from which left ventricular end-diastolic and end-systolic volumes (LVEDV and LVESV respectively) and mass were measured. Each value was also indexed to body surface area. Cine image sequences were steady-state free precession (Siemens 'TrueFISP' or Philips 'balanced fast field echo'); temporal resolution 45msec; echo time 1.40-1.54msec; repetition time 2.80-3.08msec; field of view 380x380mm; flip angle 50-60 o ).
Forward and regurgitant aortic flow were quantified using through-plane phase-contrast velocity-mapping. This involves placing an image slice perpendicular to the direction of flow in the aortic root, and measuring the velocity of flow through the image plane within each voxel.
From the resulting images, a region of interest identifying the aortic root is defined, and flow is integrated for the whole cardiac cycle to provide forward and regurgitant flow through the aortic Philips ViewForum respectively) for both volumes and flow. All images were el ele e ectr tr troc c car ar ardi di diog og ogra ram Imaging closer to the valve reduces the underestimation of regurgitation that can occur, 17, 18 and although increased turbulent flow can occur close to the valve, 19 we have not found this to be a problem in practice. If significant turbulence or aliasing was seen in the velocity image, the acquisition was repeated a few millimetres further from the valve, and/or with a higher velocity window. The original flow sequences [9] [10] [11] acquire data over many cardiac cycles, taking approximately two minutes with patients breathing freely, while newer magnetic resonance sequences 20 can acquire flow data within a single breath-hold (12-16 heart beats). Others have suggested that the older free-breathing techniques may be more accurate for flow quantification, 19 as the newer sequences may be more prone to background flow offset errors from the faster switching of magnetic field gradients (which can potentially cause significant errors in flow quantification), but this has not been systematically examined. Free-breathing flow sequences were used in Oxford and Leeds, while breath-hold flow sequences were used in the other two centres. In all centres, the potential for background flow offset errors was reduced 19 by i) ensuring all flow sequences were acquired with the region of interest in the image slice located at the isocentre of the magnet to minimise any inhomogeneities in the magnetic field, and ii) using retrospective ECG-gating for all flow sequences, which also helps to ensure coverage of the entire cardiac cycle. Image parameters: temporal resolution 25-55msec; echo time 2.6-3.2msec; repetition time 4.3-7.8msec; field of view 320x320mm; velocity window 2.5-4.0m/sec; signal averages: 1 for breath-hold sequences, 3 for free-breathing sequences; typical acquisition time 12-16 seconds for breath-hold sequences, 2-3 minutes for free-breathing sequences. From these images, forward and regurgitant aortic flow were measured by integrating the flow in each uggested that the older free-breathing techniques may be more accurate for flow w w quantification, 19 as the newer sequences may be more prone to background flow offset errors fr rom om m t t the he he f f fas as aste te ter sw sw wi it itch c ing of magnetic field grad die ie ien nt ts (which can p p pot o en nti ti tia al ally cause significant er rro o ors r in flowu u uan n ntif if fic ic i at at atio io ion) n) n), b bu but t th th this i h ha a as no o ot bee en n sys s ste te ema ma ati ica call ll ly ex xam am mi in ned ed d. F Fr Free ee e-b -b bre re r a a athi hi hing ng g f f fl l low e equ qu quen en ence ces s we we were re u u us se ed d i in in O Oxf xfo or ord d d an an and d d Le Le eed ed ds s, s, w w whi hi hile le l b br re reat at th-h--ho ho hold ld d f f flo lo ow w se se sequ qu que en nce ce es s we we w re re re u u use e ed in in t the he he other two cent nt tre re res. s. I I In n n al al a l l l ce ent nt n r r res es, , , th th the e e po po ote te tent nt ntia ia ial l fo fo for r ba ba back ck c gr gr rou ou ound nd nd fl fl flow ow ow o o off ff ffse se set t t er er erro ro r rs rs rs w w was as as r r red e uced 19 19 19 by y y frame over one cardiac cycle as previously described. 9, 11 Regurgitant fraction (regurgitant volume/forward volume x 100%) was also calculated.
Echocardiography
Clinical echocardiograms were acquired a mean of 22.9 ±81.5 days from the baseline CMR scan, according to standard protocols. 21 Assessment of the grade of AR on echocardiography was based on multiple semi-quantitative and qualitative two-dimensional imaging parameters, as suggested in the American Society of Echocardiography guidelines, 16 with senior advice sought in difficult cases. The echocardiograms were not performed specifically for the research study however, and did not include the quantification of LV volumes or aortic regurgitation as current guidelines recommend. Because of this limitation, LV end-diastolic and end-systolic diameters and the semi-quantitative echocardiographic grading were not included in the predictive analysis for comparison with CMR parameters.
Data assessment and statistical analysis
Receiver operating characteristic (ROC) analysis was used to determine the ability of the various parameters to discriminate patients who would develop symptoms or other indications for surgery during follow up, from those that remained asymptomatic. Differences in ROC area were compared using the method of DeLong et al. 22 Cox proportional hazards and multiple logistic regression analyses were applied to any parameters with reasonable discriminatory ability (area under the curve (AUC) on ROC analysis >0.70) to determine if any of these were independent predictors. Cox proportional hazard analysis was performed in a binary fashion, comparing groups above & below the optimal threshold identified on ROC analysis. Multiple logistic regression analysis was performed using continuous variables, with subsequent binary analysis for independent variables, again based on the thresholds identified from ROC analysis. Kaplanguidelines recommend. Because of this limitation, LV end-diastolic and end-sys st to toli li ic c di di diam m amet et eter ers s
and the semi-quantitative echocardiographic grading were not included in the predictive analysis fo or r co co com mp mpar ar aris is iso o on w w wit it ith h CMR parameters.
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Re Rece ce c iv iv iver er o ope pe pera rati ting ng g c ch ha ara ra act cter ris is i ti ti tic c c (R (R (ROC OC C) ) an an ana a alys ys ysis is w w wa as us us sed ed ed to o o de de dete term rm rmin in ne th the e ab ab bil ilit it ty y y o of t t the e e v var a ario o ous u parameters to o di di disc sc cri ri rimi mi mina na nate e p p pat at a ie e ent nt nts s wh wh who o o wo wo woul ul uld d d de de eve ve velo lo l p p sy sy symp mp mpto to toms m m o o or r ot ot othe he her r r in indi di d ca ca cati ti tion on ons s for Meier survival curves are better for time-dependent events, and these were generated for any independent parameters to illustrate their association with the progression to symptoms/surgery. ). These were designated the 'crossover' group. The mean time from CMR scan to the decision on surgery in this group was 21 months (median: 11 months), with 90% of events occurring within three years. Eight patients underwent surgery primarily for aortic dilation and remained in the 'conservative' group but censored at the time of surgery; mean regurgitant fraction in this group was 19% (range 5-30%).
One patient underwent aortic valve replacement surgery without conventional established
Results
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Association with events
The ability of CMR parameters to identify patients at baseline who would develop indications for surgery is shown in (table   2) , only regurgitant fraction, regurgitant volume and LVEDV remained as independent predictors. Binary analyses (comparing groups above/below the threshold identified on ROC analysis) showed higher hazard ratios for regurgitant volume and fraction than LVEDV. The differences in AUC and hazard ratios were small however, with some overlap of the confidence limits, the latter likely due to the binary nature of the analyses and moderate sample size. In general, regurgitant volume and fraction showed very similar discriminatory power; regurgitant fraction has the modest advantage of being a body size-independent variable.
Regurgitant fraction >33% had high sensitivity (85%) and specificity (92%) for identifying patients who progressed to symptoms and surgery (Figure 2) . A single threshold value may not provide all information however, and the data showed further useful thresholds:
all patients with a regurgitant fraction >51% (n=8) progressed to surgery (100% positive predictive value), while all but two patients with a regurgitant fraction >43% (n=20) progressed ability, though slightly lower than regurgitation quantification, with an AUC of 0 0. 0. an nal al alys ys ysis is i ) ) ) sh sh how o owed ed d h h hig igh h her r r ha haza a ard rd d r r rat at atio io ios s fo fo for r r re re regu gu ur r rgi git t tan n nt v v vol ol lum um ume e an an a d d d fr fr frac ac a t ti tion on n t th ha han n n LV LV VE ED EDV V. V. T The he e differences in in A A AUC UC UC a and nd nd haz az azar ar ard ra ra rati tios os o w w wer er re e e sm sm sma a all ll h h how ow wev v ver er er, , wi wi with th th s som m me e e ov ov over er erla la l p p of of of t t the he he c confidence to surgery (90% positive predictive value). At the other end of the scale, no patients with a regurgitant fraction <26% (n=45) progressed to surgery (100% negative predictive value).
Survival curves are however better for assessing the effect of time on events (to account for the fact that some events require adequate follow up to occur). There was significant separation of the groups over time, with survival without surgery at the median time point (2.0 years) of 95%
for patients with regurgitant fraction 33% compared to 33% for patients with regurgitant fraction >33% (p<0.0001 by logrank test). The data were also analysed using the highest regurgitant fraction during follow up (there were 20 patients with serial CMR scans). This may allow for increasing values over time and may also be closer to clinical practice (waiting until a threshold is reached). Using the highest regurgitant fraction showed similar discriminatory power on ROC analysis (AUC 0.93), and similar separation of survival curves at the median time point of 1.9 years: surgery-free survival was 93% and 34% for regurgitant fractions 33% and >33% respectively (Figure 3 ). In patients with highest regurgitant fraction 33%, longer term surgeryfree survival at 8 years showed a slight increase compared to analysis using the first recorded regurgitant fraction (91% and 83% respectively), indicating the few patients that developed higher degrees of regurgitation over time and were moved to the crossover group. All patients with a regurgitant fraction >33% eventually had surgery over 8-9 years of follow up, but subject numbers were small in the later years. The average time to surgery when using the highest regurgitant fraction was slightly reduced, as would be expected (mean: 2.4 years, median: 1.9 years).
The association of aortic regurgitant fraction with outcome remained robust in sub-group analyses. There was no significant difference between Oxford and the other participating centres; (Figure 3c ). Comparing hreshold is reached). Using the highest regurgitant fraction showed similar disc cri ri rimi mi m na a ato to tory ry ry p p pow owe on ROC analysis (AUC 0.93), and similar separation of survival curves at the median time point of f 1 1 1.9 .9 .9 y y yea ea ars rs rs: : s surg rg ge er ery y-free survival was 93% and d 34 34 3 % % for regurgit tan a a t fr fr rac ac acti t ons 33% and >33% e esp p pec e tively (Fi Fi ig gu gure re 3 3 3). . I In n n pa p pati ti tien ents ts t w w wi it th h hig gh he e est r reg eg gurgi gi git ta tan nt nt f f fra rac ct tio o on n 33 33 3 %, %, l l lo on onge ge er r r te te term rm m s s sur urg ge ger r ryfr ree ee e s s sur ur urvi viva va val l l at at 8 8 8 y y yea ear rs s s s sho howe we ed d d a a a sl sl slig i ight ht t i inc nc ncre re reas as se e e c co comp mp mpar ared ed ed t to o an an a a a alys ys ysis is i u u us si ing ng t the he he f fir ir irst st st re e eco or orde de ed d egurgitant fr frac ac acti ti t on on on ( ( (91 91 9 % % % an an and d d 83 83 3% % % r r res e pe pe pect ct ctiv iv ivel el ely) y) y), , , in in ndi di d ca a ati ti ting ng ng t t the he he fe fe f w w w pa pa pati ti tien en ents ts ts tha ha hat t t de de deve ve v loped centres using free-breathing CMR flow sequences (Oxford and Leeds) with the other two centres using breath-hold sequences also showed no difference in the association of regurgitant fraction with outcome (p=0.84 by logrank test on Kaplan-Meier survival analysis). Restricting the analyses to only those patients that developed LV dilation or dysfunction as an indication for surgery (excluding patients for whom symptoms developed) again showed a similar association with outcome to the whole group. The area under the curve on ROC analysis was 0.91, and survival without surgery to 2.0 years (the median time point) was 97% for those with regurgitant fractions 33%, and 39% for those with regurgitant fraction >33% (p<0.0001 by logrank test).
The association of LVEDV with outcome appeared slightly lower than regurgitation quantification, though the differences were slight and confidence limits overlap. Combining LV end-diastolic volume with regurgitant fraction provided further improvement on either parameter alone however (Figure 3d) . The combination may thus provide the most robust discrimination, especially given that both parameters are measured in one CMR examination. LV ejection fraction was not able to predict events (AUC 0.55; p=0.43). CMR LV mass showed some predictive power (AUC 0.74; p<0.0001), but this parameter is closely related to LVEDV, and the similar mass:volume ratios in all groups (table 4) suggests that LVEDV is likely to be a significant confounding factor.
Comparison with the surgical group
Data from the surgical group are shown in table 4. This showed similar mean aortic regurgitation and LV volumetric indices to the crossover group and both were significantly larger than in the conservative group. Ejection fraction was lower in the surgical group (mean 57.1% versus 62.9%
and 63.6% for the crossover and conservative groups respectively; p<0.01 for both comparisons), perhaps reflecting a more advanced stage of the disease. The higher proportion of bicuspid quantification, though the differences were slight and confidence limits overlap. . Co Co Comb mb bin in inin in ing g g LV LV
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Discussion
The association of aortic regurgitation quantitation with outcome
Our data demonstrate the potential value of quantifying aortic regurgitation with CMR, which showed a significant association with the future need for surgery, including patients who developed asymptomatic LV dilation or dysfunction. Patients already destined for surgery (the 'surgical' group) also had measures of aortic regurgitation that were not significantly different from the 'crossover' group, suggesting that a similar threshold of regurgitation had been reached in the surgical group before symptoms occurred. These CMR parameters might thus be predictors of future events, but this requires testing in a future prospective study.
Comparison with LV volumetric indices
Quantifying the regurgitation showed a slightly better association with events than CMR-derived LV indices, despite highly accurate measurements of LV volumes and function by CMR.
LVEDV still had good discriminatory power however, and was an independent predictor on multivariate analyses. The combination of LVEDV with regurgitant fraction provided a slight enhancement over aortic regurgitation alone, and LV volumes and function are important in the overall assessment of the patient. Given these factors, and that both are readily available from a standard CMR scan, the combination of CMR quantification of aortic regurgitation and LV volumes could be a valuable component of the work-up in patients with aortic regurgitation. The slightly stronger association of outcome with aortic regurgitation indices compared to LV surgical' group) also had measures of aortic regurgitation that were not significa ca a t ntly ly l d d dif if iffe fe fere re rent nt from the 'crossover' group, suggesting that a similar threshold of regurgitation had been reached n n t the he he s s sur urgi gi gica ca cal gr gr rou ou oup p before symptoms occurred d. Th Th hese CMR para ra ame ete te ers rs rs might thus be pred d dic i tors of fu futu tu ur re e e ev v ven nt nts, s, s b b but ut ut t thi hi is s re re ru qui ires te e estin n ng g in a a a f fut utu u ur re e p pr ro rosp spec cti t v ve ve s s stu tu tudy dy. .
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volumes, and the ability of regurgitant fraction to identify patients who would develop excess LV dilation or dysfunction as indications for surgery, suggests that increases in regurgitation may occur before LV dilation. This would be logical given that regurgitation is the physiological stimulus for LV dilation in this patient group, though is not conclusively proven with our data.
LV mass showed reasonable discriminatory ability in identifying patients likely to progress to surgery (AUC 0.74). It is however closely related to LV volume, and was not an independent predictor on multivariate analysis. Other studies have not shown any predictive power of wall thickness 23 and the LV mass to volume ratios were similar for all three subject groups in our study, suggesting that there is no excess increase in mass over that required for the chamber volume increase, and that the apparent association of LV mass with outcome is likely to be confounded by its close link to LV volume.
Comparison with echocardiography and other CMR studies
Echocardiographic techniques for quantifying aortic regurgitation also exist, 24, 25 although there are potential inaccuracies from the calculations and assumptions involved. Quantitative AR assessment by echocardiography is primarily used to aid the grading of regurgitation severity, and may have improved grading from the semi-quantitative assessment used to identify patients in our study. It has also shown an association with the need for surgery, 26 though in that paper 43% of patients with moderate AR on echocardiography progressed to surgery, suggesting a lower ability of quantitative echocardiographic AR grading to identify patients at risk of events.
Previous studies comparing CMR with echocardiographic grading 27, 28 suggest only a moderate correlation, with significant overlap of CMR-quantified AR values across the echocardiographic grades, particularly between moderate and severe grades. It is of interest that in the Gabriel paper 27 the AR groups defined as 'truly severe' had regurgitant volumes & fractions chamber volume increase, and that the apparent association of LV mass with ou utc tc com m me e is is is l l lik ik ikel e ely y to be confounded by its close link to LV volume.
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Comparison with previous studies of outcome in aortic regurgitation
Bonow et al's 1991 study 23 had similar methodology to our own, in a similar sized group of patients, and examined the prediction of clinical events in initially asymptomatic patients who underwent echocardiography. Both this and the 1995 Tornos study 4 showed a predictive ability for end-diastolic diameter (>7.0cm) and end-systolic diameter (>4.0cm but especially >5.0cm).
These findings are in keeping with our data which showed an association with outcome for enddiastolic and end-systolic volumes, though the addition of CMR measurements of LV volume and quantification of AR adds to these existing studies with more modern imaging techniques.
Other studies have examined the prediction of outcome post-surgery in patients with aortic regurgitation, 5, 6, 30 or in a mixed asymptomatic and pre-surgical group of patents, 31 and confirmed that symptoms, reduced ejection fraction and excess LV dilation are associated with worse long term outcome. These studies helped inform the current guidelines for surgery in aortic regurgitation, 3 but also highlight the value in identifying patients prior to symptoms or significant LV dilation or dysfunction, as this study aims to do.
Clinical utility
The ability to identify patients prior to symptoms or excess LV dilation/dysfunction would be clinically important. These patients might be considered for early surgery, and at the very least could be followed more closely. Our sample size was modest however, and to support a change in clinical practice, particularly where cardiac surgery is concerned, requires better These findings are in keeping with our data which showed an association with o ou u utco co ome me me f f for or or e e end nddiastolic and end-systolic volumes, though the addition of CMR measurements of LV volume an nd d d qu qu qua an anti ti tifi fi fica ation on on o of AR adds to these existing st st stud ud dies with more e m mod d der er ern n imaging techniques.
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confirmed th hat at at s s sym ym ympt pt p om om oms, r r red ed educ uc ced ed ed e e eje je j ct ct ctio io on n n fr fr rac ac acti ti ion on n a a and nd d e e exc xc xces es ess s s LV LV LV d d dil il ilat at atio io ion n n ar ar re e e as as asso so soci ci c ated with demonstration of patient benefit in a randomised trial comparing early surgery with surgery based on conventional indications. Quantitative CMR indices may provide the appropriate tool for identifying suitable patients for such a trial. Conversely, patients with lower quantities of aortic regurgitation and LV end-diastolic volume might be reassured of the good medium term prognosis, and may require less frequent follow-up, aiding the efficient use of healthcare resources.
Limitations
The moderate sample size and relatively small number of events limit the strength of our conclusions, though follow up was for a reasonable period of time (mean 2.6 years, and up to 9 years).
The lack of blinding to the CMR data in three of the centres may also have biased results.
There are however no current CMR criteria/thresholds for recommending surgery, and we attempted to minimise any bias where possible, and confirmed that there were no significant differences in the association with the progression to surgery between centres. It is possible however that some bias remains, particularly given the subjective nature of symptom assessment.
The CMR sequence for flow measurement also differed between centres, as did the analysis software, but the associations with outcome were no different between sub-groups, which suggests the results may be generalizable for both types of sequence and different vendor software.
There remain a limited number of contra-indications to MRI, including most pacemakers and other implanted metallic devices, and a few patients are unsuitable for CMR. Prosthetic heart valves are not a contra-indication, however.
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Conclusions
Quantification of aortic regurgitation with CMR showed significant associations with outcome, particularly when combined with CMR-derived LV volume. The study was of moderate size however and not all clinicians were blinded to the CMR results. These CMR parameters might prove useful for identifying suitable patients for early aortic valve replacement, but a clinical trial is recommended to confirm this and determine clinical benefit. h h how ow owin ing g regu gu gurg rg r it t tan n nt t fr fr rac c ction n n in n n th the e co c con ns nser erva va ati ive ve a an and d c cr cro os osso so ove e er g gr gro o oups p p , , w wi with th h the he h o op pt ptim im ma a al t thr hre esh h hold of of of 3 3 33% 3% 3% s s sho ho hown wn wn.
